Abstract. Engineering changes are inexorable and can arise at any phase of the product life cycle. To capture the maximum market shares manufacturers have to effectively and efficiently manage engineering changes. This paper provides overview of ECM and perspective on the published academic literature related to product engineering changes. The aim is to give an idea and understanding about the engineering changes in product to the new researchers. Engineering changes can be taken in both aspects such as an opportunity to enhance the product performance and as a burden, resulting in a rework, which utilizes resources, time and cost. It is paramount that the impact of engineering changes be identified, assessed and implemented as early as possible. Different methods/tools have been devised to better understand the engineering change phenomenon and to control the changes. ECM can help to mitigate the potential of negative consequences arising from uncertainties during the product life cycle. In this paper the significant aspects of the engineering changes have been discussed and highlighted the methods/tools that are proposed by the researchers. The review shows the prominence of ECM in a product life cycle.
Introduction
Increasing competitiveness in the market due to fast growing change environment forces the manufacturers to pursuit ways to produce a high quality product at the lowest cost with the minimal lead time. To reduce the risk and the manufacturing time, companies promoted to focus on the incremental products. Customers desire reliable & efficient products, therefore they esteem tried & tested artefact with improved parts. In case of incremental products, retaining the existing design significantly reduces the cost and also the manufacturing lead time. Most of the new designs are not developed from the scratch, but designed through modifications and changes to the existing design [1] . These products have new functions, characteristics and performances that rely on the existing product design. In the initial product designing stage, the designers come across the intimidating task of assessing the engineering parameters which effectively improve the product performance. These parameters should be focal point throughout the product development. Traditionally the designers select theses parameter based on the knowledge gained by experience. For identifying the key engineering parameters during the conceptual design a domain-independent methodology has been proposed in [2] by Kaldate. The information regarding product parameters increases in quantity and also in quality as the design proceeds and provides a better insight of the design issues.
The advice "do it right the first time" is illusory and far away from real life [3] . Engineering changes have great influences on product developing and production activities, hence making product development very costly and time consuming [4] . In the early decades the engineering changes were predominantly seen as a problem. People were reluctant to implement the change management system. From the past few decades it has been seen that industrialist take it as an opportunity and source of innovation & creativity [5, 6] . Engineering changes can be taken into account as a driving force for incremental product improvement. Keeping in view the above, knowledge attained from engineering changes is very helpful and useful for the design and development of the product. In manufacturing, today's markets and customers wish change so quickly [7] . Engineering changes arises frequently for continual improvement of the system/product and determines approximately 70 to 80% of the final product cost [8] .
The paper is structured in such a way that in Section 2, definitions of the key terminologies used in the field of ECM are presented. Section 3 states the methodology to carry out the literature review. Section 4 describes definition and categorization of ECs, objective of ECM and handling approaches. In section 5, product architecture has been elaborated. Section 6 gives an idea about the change propagation. Section 7 discusses the engineering change process. In section 8, tools and methods to support ECM have been presented. Section 9 gives the summary of the paper.
Definitions
There are some key terminologies which are used in the field of ECM and are defined as follows:
• Function is the intention or purpose of the artefact [9, 10] and Hubka called it, duty of the artefact [11] .
• Behaviour describes what the artefact does and how it achieves it functions or purpose [12] .
• Structure describes distinctive variables that identify the artefact and their interactions [13] and structure can also be defined as a set of entities connected in a meaningful way [14] .
• Impact is the "average proportion of the design work that will need to be redone if the change propagates" [15] .
• Likelihood is defined as the "average probability that a change in the design of one sub-system will lead to a design change in another by propagation across their common interface" [15] 
Methodology
The research commenced with a rigorous literature review on current ECM practices. To conduct the literature review, specific to the product, different journals and conferences were focused for review of the topic.
Literature selection
Inorder to carry out the review on the selected topic the word "Engineering change" was searched in the articles title and abstracts. The search engine "Google Scholar" and the journals to which the access is provided by the university were the main source for downloading the related papers. Total 278 papers were downloaded for the literature review from different sources.
Journals and conferences
The collection of publications has been done by consulting multitude of journals and conferences related to the product design and ECM as a source for literature review. The main journals which were used as a source for downloading the related papers/articles are: Journal Distribution of Publications over year 278 papers were downloaded for review which contains 55% of the papers from the journals and 45% of the papers were from conferences. Only 04 papers were found from the resources discussed above before 1990 and they are not included in the graph. The publications distribution in figure 
Engineering Change
Engineering changes are considered as a normal part of the product life cycle. Engineering changes are defined in a different perspective by the numerous researchers. Wright defines the engineering changes as the modification to the component of a product which normally takes place when the product enters the production stage [16] . Engineering change (EC) can also be defined as ''changes and/or modifications to released structure (fits, forms and dimensions, surfaces, materials etc.), behaviour (stability, strength, corrosion etc.), function (speed, performance, efficiency, etc.), or the relations between functions and behaviour (design principles), or behaviour and structure (physical laws) of a technical artefact'' [17] . Engineering changes can inject turbulence into a previously stable operation, changing entities rapidly and severely [18] . Engineering changes are further classified into three categories, named as immediate, mandatory and convenient change which represents different degree of urgency for engineering change implementation [19] . ECM consumes 30 to 50%, sometime upto 70% of the production capacity [20] and represents 20 to 50% of manufacturing tool cost [21] . Some other reports suggest that engineering changes usually consumes around one third of the engineering design capacity [22, 23] .
Engineering Change Management According to Jarratt et al. "ECM refers to the organisation and control of the process of making alterations to products" [24] . Coates et al. in [25] discuss about engineering management and also emphasise the need to coordinate communication, scheduling and resources. Effectively managing the engineering changes can ensure that the latest versions of modifications, product and process data are at the right place at the right time. ECM depends upon the engineering processes, management and engineering & information technologies [26] . The objective of ECM is to minimize the occurrence of changes, and if the changes occur then deal these changes in a proper way to reduce the loss in terms of cost, time, quality and customer satisfaction. For the better management of the changes Wildemann and Gemmerich suggested three strategies [27, 28] and Fricke gives five attributes / guidelines [22] . First, reduce the number of changes to avoid the occurrence of changes as far as possible. Changes should be detected as early as possible to reduce the impact of changes. Evaluate the impact of changes and prioritize the changes as per the impact value effectively. Then changes should be implemented in the less time, incurring lower cost and with better quality. At last the firm should learn from these changes and continuously improve the management system of engineering changes.
Engineering Change Cost at different design stages Each engineering change involves the cost. If a change is issued early during the development process, then it will have minimal investments. These investments increase extremely as the design moves toward maturity for full-scale production, the cost of an engineering change in each successive phase within the product life cycle being ten times more than the previous phase [29] as depicted by figure 2. Edge and Smith have formulated a ``factor of ten'' rule for the costs of defects and failures in electronic components [30] . Design change increases the cost and time of the design to a substantial portion of amount and duration [31] . In manufacturing, processing changes often absorb from 20% to over 50% of the product development capacity [32] . Fig. 2 Change cost at different design phases [33] If multiple changes are required to a single product then all the changes should be incorporated at the same time to minimise the cost of change and the disruption in production [34] . In order to efficiently and effectively deal with the introduction of a new product solution, it is paramount that the impact of engineering change (i.e., effort, span time, technical difficulty, quality, fulfilment of customer requirements, and cost) be identified and assessed as early as possible within the product life cycle [35] . On the other hand, evidence from empirical investigations [36] and from the literature [37] show that 70-80% of total product cost is decided during early design stages where 56% of changes occur after the initial phase, of which 39% are avoidable.
The categorization of engineering changes A numerous studies have been conducted to evaluate the nature and importance of engineering changes. Lindermann and Reichwald categorize changes by distinguishing them into a problem or innovation oriented [20] . Eckert et al extended that categorization by considering the origin of the change [5] . Changes are caused by new customer requirement, new legislation, supplier constraints, error correction, performance improvement, technological changes etc. [37, 38] . To make changes, a change process is usually initiated by a reason of change [39] . Engineering changes can be mainly classified into two categories, as emergent changes and initiated changes.
Emergent changes arise from the product itself due to the error during the design process. These changes are also termed as an unintended and occur when some aspect of the system design requires changing because of errors [40] . The reasons of emergent changes are error rectification and safety etc. Initiated changes are originating from the external source. Initiated changes are those intended by the stakeholder. In this perspective, innovation is considered as a part of initiated changes for product enhancement [5] . The reasons of initiated changes are customer, legislation, production, cost reduction, performance, maintainability, technological progress and durability etc. To manage engineering changes, different approaches have been suggested in the literature. These approaches can be divided in to three groups [41] . The first group pursue the improvement of engineering changes handling through systematic engineering change processes [19, 24] . Second group attempt to create more changeable products by managing the future changes [42, 43] and last group predict undesired changes outcome by modelling techniques and its probable propagation [44, 45] .
Product Architecture
Product is basically made up of several components. It is fact that the product architecture has a strong influence on the success of product [46] . The product architecture is here defined as the arrangement of the functional elements of a product into several physical building blocks, including the mapping of the functional element to physical components [47] . Architecture can influence the product change, product variety, component standardization and product performance [48, 49] . Product architecture is the arrangement of the parts by which the function of the product is allocated to the physical components. It can be further defines as (1) the arrangement of the functional elements; (2) the mapping from functional elements to physical components (3) the specification of interfaces among the interacting physical components [48] . The main aspect of the product architecture is the degree to which it is modular or integral [50, 51] . Product architecture elaborates that by changing a particular component, which functional elements will be influenced. Products can be composed of sub-systems that are modular in the way that they link together, but everyone is highly integrated [52] . In real design situation, the designer has to make trade-off between the modular and integral architecture [53] .
Product Classification Products can be classified into main three categories based on their structure/architecture. Complex (Integral) product architecture consists of a complex (not one-to-one) mapping from functional elements to physical components and/or coupled interfaces between the components [48] . The complexity of technical systems depends on the heterogeneity and quantity of different elements and their connectivity pattern [54] . In the integral architecture each physical components carries out more than one functional element and it is known as a function sharing [55] .
Modular product architecture can be defines as the clustering of the components such that the degree of interaction/dependency is maximized within the group (module) and minimized between the groups (outside module) [56] . A change to one module can be made without changing the other modules if the interfaces remain unchanged. In modular product modules can be defined as the physical structure which has one-to-one relation with the functional structure. They can be thought of quite simply as a building block with defined interfaces [57] . Modular products may be defined as machines, assemblies or components that accomplish an overall function through combination of distinct building blocks or modules [58] . Modular product design has been proved to be efficient to reduce the design efforts [59] .
Product family can be defined as the multitude products with distinctive characteristics and function using common parts/components. The advantage of developing a product family is that it enables a company to offer a great variety of products that are highly differentiated, yet sharing substantial fraction of their components [60] . Product family design is extensively practiced in the industry as a cost-effective approach to satisfy the increasing market trend towards smaller batch and more variety orders [61, 62] . In the product family, each product is different from one another and the common parts are used in number of product models. When a particular subassembly is used on a variety of products, saving can be possible -a process termed "Modularizing Product Families" [63] . Product platforms are means to control variety [64] . Part family is a set of parts that serve a related set of market applications -they are functionally similar, and share a common technology base, and lead to better processes for life-cycle design [65] .
The classification of product components / sub-systems The components/parts or sub-systems of the product are interlinked to eachother. Eckert [5] , identify four types of change propagation component behaviours named as multiplier, absorber, carrier & constant and these represent four different situations. When the change is initiated by one component and it propagates to the other components via linkages between them, so different components behaves in a different ways. These classifications are illustrated in the figure 3.
Multipliers are those components which enhance the change problem and thus making the situation worst. Such components may cause an "avalanche" of changes [66, 22] or referred as the snowball effect [67] . Such changes have the major effect on the budget, product lead time and the company. Absorber eradicates or absorbs all the changes. If the number of input change is more than the number of output changes then it would be partial absorber. But if the numbers of output changes are zero then it would be complete absorber and thus accommodating all the changes. The later situation is uncommon. Absorbers alleviate the complexity of the change propagation. Carrier can be defined as the components which neither add nor reduce the number of changes. It means that the input to that component is equal to the output. They replace the changes with the new one from the intermediate component [68] . Constant are the components which remain unchanged and the change is being passed without any effect [5, 68] . They just transfer the change from one component to the other components by which they are interlinked. Fig. 3 (a) Representation of the change propagation characteristics of components [5] and (b) Component classification based on change risk [69] Change propagation
Change propagation is a phenomenon by which one change triggers a series of others changes [70] , can potentially distract the manufacturing process [71] . Change propagation can be considered as the cause-effect, cause-effect pattern [72] . Change propagation is an issue that affects both the product and the organization [73] .The initiated change is the primary cause of the propagation and the effect of that change becomes the cause of the subsequent stage. Engineering change propagation can be better understood by the change propagation model in figure 4 . The EC1 is the primary cause for the EC2 and triggers a series of other changes. [3] In the products, components are interconnected through the parameters such as geometry, spatial, material, function and behaviour. Therefore changing in any one of these parameters may initiate changes in the several other parameters of the system [74, 5] . Second-order change propagations are most likely to propagate and are difficult to foresee at the time of change [75] . It is not necessary that the changes can propagate only to those components which are directly linked to eachother but also to other components which has indirect connection.
Engineering Change Process
In order to control the consequences of engineering changes many companies have adopted the formal engineering change procedure as shown in the Figure 5 . The process gets it ignition from the so called change trigger. A well-founded change request can be raised by the firm's employee or by the external source to carry out the engineering change. Then the potential solutions to the engineering change request should be identified and impact & risk assessment should be carried out to prioritize the possible solutions. It is the most critical phase in the engineering change process to evaluate the possible impact of changes. Impact upon the product itself and the effect on the development process must be considered during this phase. Selection and approval before the implementation of such changes must be done by the change board/committee. Finally the approved solution should be implemented and after a certain period of time, it should be reviewed to check whether the change was successful or not. The generic engineering change process can be divided into three main stages as shown in the Figure 5 . Communication is the key factor required between different domains within the company in engineering change process depending upon how far the product is in the life cycle. Engineering change propagation procedure can maintain consistency by propagating ECs in a base product definition to product data views [76] . 
Review of

Tools and methods to support engineering change management
A variety of tools and methods have been proposed by the numerous researchers to support the firms to manage the engineering changes in the products effectively and efficiently. Most of them are based on dependency structure matrix (DSM) [77] . 14 out of 278 publications have proposed tools for better management of engineering changes. Detail list of the methods/tools proposed by the researchers have been presented in table 1. Enhance the traceability of design changes occurring between functional and structural domains [86] .
Genyuan, James, Owodunni, 2013
Summary
The utmost objective of engineering change is to enhance the performance of redesign product parts or to be produced effectively. Engineering changes (EC) in the product can be raised throughout the product lifecycle, resulting in a severe profit/loss if not managed effectively. Change propagation causes large delays and unexpected spending. Engineering changes are necessary to improve the product's quality and are the source for innovation. In recent years various methods on change propagation have been proposed by the researchers. For instance, some methods indicates potential change propagation paths, some calculating the risk for a change to propagate, some methods map physical components whereas other map functional, behavioural and parameter linkages in the product. Some methods are limited to the specific phase of the product lifecycle and some are applied to all the product development stages.
It has been revealed from the literature review that to manage engineering changes effectively, it is paramount to understand the impact, likelihood and propagation path of engineering changes. Knowledge from previous design change cases is an important asset for companies. Many design conflicts arising from change analysis can be tackled by reusing well-formalised and managed knowledge abstracted from previous design cases. Product family design is widely used in the industry due to its cost effectiveness, improved productivity and quality. Several engineering change management approaches have been proposed by the researchers but they are limited to the analysis of the single product and very little consideration has been given to product family.
It is evident from literature that the amount of research carried out in the field of ECM has significantly increased during the last two decades. More academic efforts are required to develop tools and manage knowledge to facilitate firms to enhance their engineering change processes.
